
c 

m '  

' ,  

NASA TT F-11,378 

A STUDY ON THE LARGE SCALE A I R  EJECTOR 

Shoichi F u j i i ,  Mitsuo Gomi and Noboru Sugahara 

(THRU) 

Translation of the following: 
Technical Report of t h e  Nat ional  Aerospace Laboratory,  NAL Tli-109, 

ToQo, , July 1966, 32 pages 

GPO PRICE $ 

CFSTI PRICE(S) $ 

Microfiche (MF) ~ 

ff 653 July65 I 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
WSHINGTON, D.  C .  20546 JUNE 1968 



NASA TT F-11,378 

A STUDY ON THE LARGE SCALE AIR EJECTOR 

Shoichi  F u j i i ,  Mitsuo G o m i  and Noboru Sugahara 

ABSTRACT. The air e j e c t o r  ( l eng th  7m, e j e c t o r  diameter 
6mm) w a s  i nves t iga t ed  experimentally and t h e o r e t i c a l l y .  
r a t i o  range va r i ed  from 0 t o  1.4,  compression r a t i o s  from 
1.03 t o  1.38. The device is  used wi th  a s ing le - s t age  axial  
flow compressor. 

Mass 

1. Introduct ion 

A i r  e j e c t o r s  have been employed i n  many f i e l d s  of engineer ing f o r  t h e  f o l -  
lowing reasons.  
very simple mechanical cons t ruc t ion .  
which makes i t  p o s s i b l e  f o r  the a i r  e j e c t o r  t o  be used wi th  minimum maintenance 
c o s t s .  It has r e c e n t l y  been used as vacuum equipment f o r  t h e  high a l t i t u d e  
s imula t ion  of a rocke t  engine (Ref. 1 4 ) .  

It may be  regarded a s  a vacuum pump having low e f f i c i e n c y  bu t  
It has  no mechanically r o t a t i n g  p a r t s ,  

One purpose of t h i s  r e sea rch  i s  t o  bui ld  a compressor w i t h  h igh a x i a l v e l o -  
c i t y  of t h e  a i r  stream. This  w a s  done by p l ac ing  a l a rge - sca l e  a i r  e j e c t o r  a t  
t h e  end of a j e t  engine booster .  
mult i -s tage j e t  engine be capable of handling high p res su re  a i r  a t  each s t age .  
It is  a l s o  necessary t h a t  a test be performed on a r o t a t i n g  p rope l lo r  i n  a high 
speed air stream. This  large-scale  a i r  e j e c t o r  w a s  developed as a p a r t  of t h e  
above experiments. The au tho r s  have obtained many i n t e r e s t i n g  r e s u l t s  f o r  t h e  
l a rge - sca l e  e j e c t o r ,  both i n  t h e  design and i n  t h e  t h e o r e t i c a l  a n a l y s i s .  These 
r e s u l t s  w i l l  b e  presented i n  d e t a i l .  

It i s  necessary t h a t  a n  a i r  compressor of a 

A g r e a t  d e a l  of r e sea rch  has been performed on e j e c t o r s  s i n c e  1930. 
f l u i d s  employed are n o t  only a i r ,  but  a l so  vapor and water. The type of e j e c t o r ,  
as w e l l  as i t s  mechanical cons t ruc t ion ,  v a r i e s  depending upon t h e  f l u i d  employed. 
The e j e c t o r  discussed i n  t h i s  paper is a c e n t e r - j e t  type,  air  e j e c t o r  with a 
compression r a t i o  ranging from 1 .2  t o  1.4.  
700Omm i n  l eng th .  

The 

It is a l a rge - sca l e  e j e c t o r  about 

There havebeen a g r e a t  many r e p o r t s  on t h e  des ign  s p e c i f i c a t i o n s  and d a t a  
f o r  a small-scale a i r  e j e c t o r  (Ref. 1 - 3 ,  1 0  - 1 2 ) .  However, they must be modi- 
f i e d  when a l a rge - sca l e  e j e c t o r  is t o  be  developed. Kastner and Spooner (Ref. 2) 
s u c c e s s f u l l y  developed an e j e c t o r  experimentally which w a s  about 80Omm i n  l eng th ,  
by making v a r i o u s  combinations of area r a t i o s  and d i f f u s e r  l eng ths .  Manganiello 
and Bogatsky (Ref. 3) analyzed t h e  experimental d a t a  on a square e j e c t o r  l O O O m m  
long; t h i s  e j e c t o r  w a s  developed f o r  a cooling system f o r  a n  a i r c r a f t  engine. 
Takashima and Hasegawa (Ref. 10) reported on t h e  experimental  r e s u l t s  and theore- 
t i c a l  a n a l y s i s  of a supersonic e j e c t o r  b u i l t  f o r  chemical engineer ing purposes. 
Miyata (Ref. 9) presented an o u t l i n e  of h i s  experiment f o r  a l a rge - sca l e  e j e c t o r ,  
b u t  t h e  d e t a i l e d  d a t a  are no t  given here .  
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*Note: Numbers i n  t h e  margin i n d i c a t e  pagination i n  t h e  o r i g i n a l  f o r e i g n  text. 
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Two f l u i d s  are mixed i n s i d e  a n  ejector a t  d i f f e r e n t  speeds. Th i s  produces 
very s o p h i s t i c a t e d  aerodynamical and tu rbu len t  phenomena. 
w a s  performed from t h e  macroscopic viewpoint, without consider ing t h e  processes  
i n s i d e  t h e  e j e c t o r s .  Watabe (Ref. 11, 1 2 )  and o t h e r s  reported upon experimental  
work i n v e s t i g a t i n g  t h e  p re s su re  change on the w a l l  of a n  e j e c t o r ,  b u t  no analy- 
t ical  work w a s  performed. On the  o t h e r  hand, a purely t h e o r e t i c a l  a n a l y s i s  of 
t h e  phenomena i n s i d e  an e j e c t o r  has  been made. The most t y p i c a l  a n a l y s i s  w a s  
t h a t  performed by P a i  (Ref. 4). The authors  s tud ied  a large-scale  e j e c t o r  and 
obtained experimental  d a t a  about p re s su re  changes and p res su re  d i s t r i b u t i o n  along 
t h e  w a l l  of a mixing tube. 
s u r e  changes w a s  performed using t h e  conservat ion of momentum of t h e  f l u i d  i n s i d e  
t h e  mixing tube.  

I 
The above r e sea rch  

A t  t h e  same t i m e ,  t h e o r e t i c a l  a n a l y s i s  of t h e  pres- 

2. Aerodynamical Design Spec i f i ca t ions  of t h e  E jec to r  

2 .1  Performance 

It is  necessary t h a t  t h e  secondary a i r  flow i s  20 kg/sec when t h e  primary 
a i r  flow i s  20 kg/sec; i . e . ,  t h e  a i r  flow r a t i o  i s  set t o  be  1.0.  I n s i d e  dia-  
meter of t h e  mixing tube i s  set t o  be 60Omm. 
ked and t h e r e  w i l l  be a sonic  air stream a t  t h e  end of t h e  nozzle.  

Thus, t h e  primary a i r  w i l l  be cho- 
/3 

2.2 Design Spec i f i ca t ions  

The fol lowing design s p e c i f i c a t i o n s  a r e  set ,  mainly based upon t h e  d a t a  f o r  
a s m a l l  ejector reported by Kastner .nd fpooesr (aef. 2) -  A l l  symbols used are 
t h e  same as those  sha rn  i. -re 1. 

Figure 1. Symbols f o r  Each ?ut. 

2 2.2.1 Ra t io  of Mixing Tube Area t o  Driving Nozzle Area (D/d) 

Th i s  v a l u e  i s  a very important f ac to r  f o r  t h e  o v e r a l l  c a p a b i l i t y  of an ej- 

Thus, f o r  t h e  mixing tube of D = 6 0 h ,  two nozzles  were 
e c t o r .  
and t h e  o t h e r  i s  6.8. 
prepared, d = 200, and 2 3 h .  

Experiments were performed f o r  two d i f f e r e n t  values:  one i s  (D/d)2 = 9.0, 

2.2.2 R a t i o  of Length of Mixinp Tube t o  I n s i d e  Diameter of Mixing Tube Ll& 

I f  L1 is  too  s m a l l ,  two streams of a i r  pas s  i n t o  t h e  d i f f u s e r  which are 
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Figure 2. Experimental Apparatus 

1. 10  Stage Compressor 
2. P r e s s u r e  Ra t io  
3.  Stream Rate 
4. Primary A i r  
5. Flow Meter 
6 .  Primary A i r  
7.  (Moving A i r )  
8. Funnel Valve 
9. Secondary A i r  

10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 

Control Valve 
O r  i f  ice 
Control Valve 
Di f fuse r  
Main Body of E jec to r  
P a r a l l e l  Sect ion of Mixing Tube 
Chamber 
Nozzle 
B a f f l e  Blade 

i n s u f f i c i e n t l y  mixed w i t h  each o t h e r .  On t h e  o the r  hand, i f  L1 i s  too l a r g e ,  t h e  
o v e r a l l  c a p a b i l i t y  of t h e  e j e c t o r  w i l l  be lowered. 

= 7.0-8.0 could be  t h e  optimal va lue  f o r  a small e j e c t o r .  I f  t h i s  va lue  i s  used 
f o r  a l a rge - sca l e  e j e c t o r ,  then t h e  length of t h e  e j e c t o r  becomes very g r e a t .  
Thus, t h e  va lue  L / D  is  chosen t o  be  4.0. Th i s  could be  a reasonable  va lue  which 
would no t  harm t h e  o v e r a l l  c a p a b i l i t y  of t h e  e j e c t o r .  

It i s  r epor t ed  t h a t  Ll/D = 

1 

2.2.3 Distance Between Nozzle and Mixing Tube 

L e t  1 / D  be  def ined as t h e  p ro jec t ion  r a t i o .  For t h e  va lue  of L1/D=4.0, t h e  

p r o j e c t i o n  r a t i o  1 / D  = 1.0 could b e  the most reasonable  value.  
nozzle  w a s  prepared f o r  t h e  experiment, and i t  w a s  shortened during t h e  experi-  
ment. Data were obtained f o r  t h e  value of 20Omm through 66Omm. Therefore ,  t h e  
va lue  of 1 / D  ranged from 0.33 t o  1.10. 

Therefore ,  a long 

2.2.4 Angle of D i f fuse r  8 

2 When t h e  va lue  of t h e  real r a t i o  (D/d) i s  less than 25, t h i s  ang le  8 is  
It is recommended t h a t  

I n  t h i s  experiment 8 is set  t o  be 6 " .  
very important and should n o t  exceed t h e  va lue  of 10". 
i t  l i e  somewhere between 5" and 10". 
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V 

Experiment No. 
(Main C las s i f  i- 
ca t ion )  

lox 
6 Ox 
2 ox 
30x 
40x 
50x 

Secondary A i r  

Primary A i r  
(Moving A i r )  

Nozzle Area Distance Between Tip  

Diameter (D/dI2 Sec t ion  I 

20own 9.00 20omm 
200 9.00 400 
200 9.00 600 
230 6.81 200 
230 6.81 430 
230 6.81 660 

d Ra t io  of Nozzle and P a r a l l e l  

Figure 3. Main Body of Ejec tor  

TABLE I. SHAPE OF EJECTOR ACCOMPANYUG EXPERIMENT 

3. Experimental Apparatus /5 
The entire appara tus  i s  shown i n  Figure 2. For t h e  d r iv ing  a i r  (primary 

The d r iv ing  a i r  
a i r ) ,  air  w a s  compressed by t h e  10-stage ax ia l  flow compressor which has  a com- 
p res s ion  r a t i o  of 3.1, and a capac i ty  of 25 kg/sec a i r  f lux .  
passes  through a r o t a r y  valve, and an i n l e t  r egu la t ing  valve f o r  f l u x  measurement 
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4 .  Experimental Methods and Measurements 

The dimensions of t h e  e j e c t o r s  used i n  t h e  experiments are shown i n  Table I. 
Experiments were ca r r i ed  out  keeping t h e  s izes  of t h e  mixing tube and t h e  d i f f u s e r  
cons tan t ,  b u t  varying t h e  nozzle diameter (hence, t h e  area r a t i o  (D/d)* of t h e  
mixing tube  and t h e  nozzle) and a l s o  1 the d i s t ance  from the  t i p  of t h e  
nozzle  t o  the p a r a l l e l  p a r t  of t h e  mixing tube.  I n  Table I ,  e n t r i e s  l ox ,  2Ox 
i n d i c a t e  t h a t  t h e  experiment numbers of the d a t a  on t h e  va r ious  e j e c t o r s  are i n  
t h e  100 and 200 series. A s  shown i n  Figure 4, f i n e  t i p  nozzles  were used; they 
were c u t  a t  the  t i p  a t  t h e  dot ted  l i n e  i n  o rder  t o  vary 1. 
before ,  t h e  flow rate of t h e  d r iv ing  air w a s  measured by t h e  flowmeter which w a s  
mounted on the  r o t a r y  valve.  Then, a f t e r  t h e  flow rate w a s  f u r t h e r  ad jus ted  by 
t h e  r egu la t ing  valve t o  t h e  des i r ed  flow rate, t h e  t o t a l  temperature and pressure  
w e r e  measured by the  t o t a l  temperature and pressure  tube j u s t  p r i o r  t o  e j e c t i o n  
from the nozzle .  
mounted i n  f r o n t  of t h e  r egu la t ing  valve.  
s ta t ic  p res su re  holes  of lm diameter were mounted i n  t h e  w a l l s :  5 i n  t h e  d i f f u s e r ;  
15 i n  t h e  mixing tube (3  places  around t h e  per iphery a t  both the  i n l e t  and o u t l e t  
of t h e  p a r a l l e l  p a r t ) ;  1 i n  t h e  bellmouth a t  t h e  mixing tube i n l e t ;  2 i n  t h e  
chamber. I n  order  t o  measure t h e  t o t a l  p ressure ,  2 t o t a l  p ressure  P i t o t  tubes /8 
were i n s e r t e d  i n  t h e  chamber, and comb-shape P i t o t  tubes were inse r t ed  i n  t h e  
i n l e t  and o u t l e t  of t h e  mixing tube s t r a i g h t  p a r t .  
e x t e r n a l  view of t h e  mixing tube together wi th  p a r t  of t h e  d i f f u s e r ,  and t h e  
bellmouth po r t ion  of t h e  mixing tube i n l e t  toge ther  with t h e  chamber, r e spec t ive ly .  
The s ta t ic  pressure  w a s  l ed  t o  t h e  o u t l e t  of t h e  evacuation tower by copper 
tubes ,  from where i t  w a s  l ed  t o  t h e  mercury manometer by v i n y l  tubes.  Pressures  
connected t o  flow rates -- such as t h e  o r i f i c e  d i f f e r e n t i a l  p ressure  and i t s  sta- 
t i c  p res su re  -- were measured by a pressure gauge which has a Bordon 
temperatures  were measured with iron-constantan thermocouples. 
t h e  lower r i g h t  shows t h e  primary a i r  t u b e  before  t h e  chamber, and t h e  lower 
l e f t  shows t h e  secondary a i r  tube and i t s  r egu la t ing  valve.  

A s  mentioned 

The flow rate of t h e  in take  a i r  w a s  measured by an  o r i f i c e  
A s  shown i n  Figure 5, a t o t a l  of 23 

Photographs 2 and 3 show t h e  

tube. The 
I n  Photograph 4 ,  

o the r  hand, t h e  i n t a k e  a i r  (secondary 
a i r )  is sucked i n  from t h e  atmosphere, ' 

1- A 

5 

I El t h e  r egu la t ing  valve.  A b a f f l e  p l a t e  

I t a t i o n a l  motion of t h e  secondary a i r .  
1 -  1 is i n s t a l l e d  i n  order  t o  prevent  ro- -_-_ 
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P-ro 5. P o s i t i o n  of S t a t i c  Pressure  Measuring lbles and T o t a l  Chamber Pressure  

Photo. 1. Evacuation Tower Which Itoueca 
t h e  E jec to r .  

Photo. 2 .  Mixer Tube and Dif fusor  
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P h o t o .  3 .  Chamber and Bellmouth. Photo. 4. Primary and Secondary A i r  Tube. 

5. Experimental Resul t s  on t h e  T o t a l  Performance /8 
The most common way t o  express  t h e  t o t a l  performance of t he  e j e c t o r  is  t o  

compare t h e  degree of vacuum o r  t h e  compression r a t i o  wi th  t h e  f l u x  r a t i o .  Com- 
p res s ion  r a t i o  i s  t h e  r a t i o  of t h e  atmospheric p re s su re  t o  t h e  s t a t i c  p re s su re  
i n  t h e  chamber, whereas the f l u x  r a t i o  i s  the v a l u e  obtained by d iv id ing  t h e  
i n t a k e  a i r  f l u x  by t h e  d r iv ing  a i r  f lux .  The compression r a t i o s  are p l o t t e d  
a g a i n s t  f l u x  r a t i o s  i n  Figures  6 and 7 .  Three d r i v i n g  f l u x e s  were used as para- 
meters i n s t e a d  of t h e  d r i v i n g  p res su res ,  which a r e  o f t e n  given i n  o ther  r e p o r t s ,  
i n  order  t h a t  t h e  primary flow rate can be d i r e c t l y  read on a flowmeter. When 
the  nozz le .  diameters  are 20Omm (Figure 6) and 23Omm (Figure 7) , t h e  f l u x e s  are 
G1 = 17.0 kg/sec,  and 21.2 kg/sec,  r e spec t ive ly ,  (maximum dr iv ing  a i r  f l u x e s ) .  

They e i t h e r  correspond t o  choked condi t ions o r  0.2 kg/sec less than choked con- 
d i t i o n s .  That is ,  s i n c e  t h e  i n l e t  condi t ion (atmospheric p re s su re ,  temperature) 
of t h e  compressor, which fu rn i shes  the  dr iv ing  a i r ,  v a r i e s  from day t o  day, t h e  
maximum a i r  f l u x  v a r i e s  even though t h e  nozzle diameter i s  cons tan t .  When mea-  
surements are made near t h e  maximum driving f l u x ,  a s l i g h t l y  lower f l u x  than  t h e  
maximum ob ta inab le  one is  used when t h e  atmospheric temperature  is  s l i g h t l y  lower 
than  usua l .  The f l u x  r a t i o  m = 0 holds  when t h e  i n t a k e  i n l e t  va lve  is  completely 
c losed ,  whereas the  maximum value  of m i s  determined by t h e  r e s i s t a n c e  of t h e  in- 
t ake  tube  when the  i n l e t  va lve  i s  completely open. 
t h e  h igher  t h e  p re s su re  r a t i o  is ,  and hence t h e  vacuum. The h ighes t  vacuum ob- 
t a ined  i n  this  experiment w a s  -207 mm Hg (gauge p res su re ) .  As the f l u x  r a t i o  
inc reases ,  t h e  compression r a t i o  necessar i ly  dec reases ,  which is l a r g e  when the  
d r i v i n g  f l u x  is  l a rge .  
f l u x  i s  s m a l l ,  t h e  f l u x  r a t i o ,  on the  cont ra ry ,  i nc reases .  

t he  maximum value of m i s  1.42 (Figure 6). 

The higher  t h e  d r iv ing  f l u x ,  

Although the  compression r a t i o  is low when t h e  d r i v i n g  
When G1 = 6.4 kg/sec,  

The r e l a t i o n  between the  d r iv ing  f l u x  



Nozzle Diameter d - 2 0 h  

I 

Flux m i 
Figure 7. Flux Ratio and Pressure Ratio (b2). 
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Kastner & Spooner 
----_ Moving Air Pressure 

1.44 kg/crn2 
,This experiment 

Moving Air Pressure 
-y - ,  (1/D = 0.7e1.1) 

1.4-1.8 kg/cm 2 

---_ 

1 : I I I 
17 2: 5 9 I3  I 

Area Ratio (D/d)' 
Figure 8. Area Ratio and Pressure Ratio. 

Solid Line: (D/d) 
Broken Line: (D/d 

$ 1  v) 2=9. 0 
.) 2=6.  81 

I .  

Figure 9. (Length From Nozzle to Mixing Tube) and (Nozzle Diameter) .Pressure Ratio. 
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and t h e  t o t a l  p re s su re  j u s t  p r i o r  t o  nozzle e j e c t i o n  is  shown i n  Table  11, i n  
which t h e  approximate pressures  are indica ted  s i n c e  they vary  from day t o  day. 
Figure 8 shows t h e  r e l a t i o n s h i p  between the area r a t i o  and t h e  compression r a t i o  
using t h e  f l u x  r a t i o  as a parameter. 
obtained by Kastner and Spooner. 

Our d a t a  are compared wi th  t h e  curves 

TABLE 11. RELATIONS BETWEEN AMOUNT OF MOVING 
A I R  AND MOVING PRESSURE AT THE SAME TIME 

Amount of Moving A i r  Amount of Moving A i r  
Moving A i r  G 

17.0 kg/sec 1.6 -1.8 kg/cm 21.2 kg/sec 1.4 1 .6  kg/ cm 

10.0 0.6 -0.8 1 3 . 2  0 . 5 ~ 0 . 7  

Pressure  (gauge) Moving A i r  G1 P re s su re  (gauge) 1 
2 2 

6.4 0.16-0.21 6 . 2  0.15-0.17 

Since w e  were unable t o  o b t a i n  experimental  d a t a  corresponding t o  t h e  area 

They approximately agree  wi th  t h e  va lues  

/11 
r a t i o  (D/d)2 = 6.81, and d r iv ing  pressure  of approximately 1 .4  kg/cm2 when m = 1.0, 
only d a t a  f o r  (D/d)2 = 9.0 are shown. 
obtained f o r  s m a l l  e j e c t o r s .  When m = 0, 0.5, even though the  abso lu te  va lues  
of t h e  s l o p e s  are smaller i n  our experiment, t h e  va lues  themselves do not  ap- 
p rec i ab ly  d i f f e r  from t h e  curves.  l / d  and t h e  compres- 
s i o n  r a t i o ,  us ing  t h e  d r iv ing  f l u x  as a parameter,  are shown i n  Figure  9. With 
e i t h e r  nozz le ,  when the  d r i v i n g  f l u x  i s  maximum, the  compression r a t i o  is  h igher ,  
t h e  h igher  i s  l / d  -- t h a t  is ,  the  s h o r t e r  t h e  nozzle  length ,  t h e  higher  i s  t h e  
vacuum. I n  t h e  experiment when t h e  dr iv ing  f l u x  was a t  t h e  maximum, very  loud 
no i ses  accompanied by rumbling v i b r a t i o n s  were generated as a r e s u l t  of t h e  ex- 
pansion of t h e  je ts  a t  t h e  nozzle  which reach supersonic  speed l o c a l l y .  When 
t h e  d r i v i n g  f l u x  w a s  low, pr imar i ly  low frequency sounds were aud ib le  wi th  ha rd ly  
any v i b r a t i o n . S i n c e t h e  j e t s  from the  nozzle are e i t h e r  sonic  o r  subsonic  flows 
a t  such a low d r iv ing  f l u x ,  as i s  evident  from Table 11, ( l / d )  = 2.0 is s u f f i -  
c i e n t l y  long t o  e f f e c t  a high vacuum. 

The r e l a t i o n s  between 

E j e c t o r s  are c l a s s i f i e d  i n t o  two ca t egor i e s ,  according t o  t h e i r  usage de- 
pending on whether they r e q u i r e  a high vacuum or  whether they are used t o  o b t a i n  
high f low rates. Since i n  t h i s  experiment they  a r e  used f o r  t h e  lat ter purpose, 
w e  need t o  examine t h e  r e l a t i o n s h i p s  between the  p ro jec t ion  r a t i o  and t h e  f l u x  
r a t i o  as shown i n  Figure 10. 
t h i s  f igure,which shows t h a t  when the  p ro jec t ion  r a t i o  i s  t h e  same, t h e  smaller 
t h e  compression r a t i o ,  t h e  higher  i s  the f l u x  r a t i o .  

The compression r a t i o  is  used as a parameter i n  
/12 

2 When (D/d) = 9.0, b e t t e r  r e s u l t s  were obtained a t  high p r o j e c t i o n  r a t i o s .  
A f l u x  r a t i o ,  m = 0.95 (Point  A i n  Figure 10) w a s  obtained when t h e  compression 
r a t i o  w a s  7~ = 1.20, and t h e  p ro jec t ion  r a t i o  w a s  l / d  = 1.0. 
w a s  expected from t h e d e s i g n ,  a va lue  which i s  0.05 less w a s  obtained.  When 
(D/d)2 = 6.81, t h e  maximum f l u x  r a t i o  was  obtained i n  the  v i c i n i t y  of 1 / D  = 0.7. 
A f u r t h e r  increase i n  t h e  p ro jec t ion  r a t i o  is undes i rab le  from t h e  flow rate 
s tandpoin t .  

Although m = 1.0 

I n  F igures  11, 1 2 ,  and 13, t h e  degree of vacuum as a func t ion  of t h e  primary 
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a i r  f l u x  is  shown. 
f l u x  when t h e  f l u x  r a t i o  m = 0. 
Figure 13, when the  area r a t i o  (D/d)2 = 9.0, m = 1.0 is used t o  show t h e  changes. 
When (D/d)2 = 6.81, m = 0.873 was used, s ince w e  were unable t o  o b t a i n  m - 1.0. 
I n  a l l  cases, wi th  the  same d r iv ing  f l u x ,  the l a r g e r  t h e  a rea  r a t i o ,  t h e  l a r g e r  
is  t h e  compression r a t i o .  Fur ther ,  the smaller t h e  f l u x  r a t i o ,  t h e  l a r g e r  is  
t h e  s lope.  

Figure 11 shows how t h e  vacuum increases  w i t h  the  dr iv ing  
Figure 1 2  shows the changes when m = 0.5. I n  

F igures  14 - 19 present  t h e  w a l l  pressure d i s t r i b u t i o n s  along t h e  e n t i r e  

1 2  
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Figure 16. S t a t i c  P res su re  D i s t r i b u t i o n  (123). 

Figure 1 7 .  Stat ic  Pressure D i s t r i b u t i o n  (d4). 
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e j e c t o r .  Distances are p l o t t e d  along the a b s c i s s a ,  and t h e  gauge p res su res  i n  
mm Hg are p l o t t e d  along t h e  ordinate .  In  Figure 14,  t h e  s ta t ic  p res su res  f o r  
m = 1.0 are p l o t t e d  f o r  Experiment Numbers 116, 129, 137. I n  Experiment Number 
1 1 7 ,  a p re s su re  decrease is  seen a t  t h e  bellmouth due t o  t h e  l a r g e  secondary 
flow which is acce le ra t ed  a t  t h e  bellmouth. 
chamber t o  t h e  e j e c t o r  o u t l e t  show t h e  e f f ec t iveness  of t h e  d i f f u s e r .  Similar  
conclusions can be der ived from o the r  f igu res .  

The p res su re  d i s t r i b u t i o n s  from t h e  

6. Mixing Process  

6.1 Theory of Ducted Flow*** 

When t h e  area of t h e  mixing tube i s  constant  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n ,  
t h e  mixing is  accompanied by a s ta t ic  pressure rise. 
c u l a t e  t h i s  s t a t i c  p res su re  r i se  i s  t o  invoke t h e  p r i n c i p l e  of t h e  conservat ion 
of momentum a t  t h e  entrance and t h e  exi t ,  d i s r ega rd ing  any in t e rmed ia t e  process  
(Ref. 2 ,3) .  
l i t t l e  more i n  d e t a i l  by pos tu l a t ing  a v e l o c i t y  p r o f i l e .  

The s imples t  way t o  cal- 

I n  t h i s  r e p o r t ,  however, we w i l l  examine t h e  mixing process  a 

Figure 20. Mixing Tube. 

Applying t h e  p r i n c i p l e  of t h e  
conservat ion of momentum a t  plane 
[A B D C ] i n  Figure 20, and assuming 

t h a t  t h e  s ta t ic  p res su re  p can be  ex- 
pressed only as a func t ion  of t h e  
a x i a l  coordinate  x,  w e  f i n d  

1111  

/17 

. .  

= -A?-rt%?;-2rj.dT .T 
d 2: 

where u is  t h e  ax ia l  v e l o c i t y  a t  t h e  
po in t  w i t h  t h e  r a d i a l  coordinate  r .  
p i s  t h e  dens i ty ;  T i s  t h e  apparent  
shear ing stress of t h e  tu rbu len t  
flow. L e t t i n g  

t h e  mixing tube,  and s u b s t i t u t i n g  a dimensionless quan t i ty  
becomes, 

a be t h e  r a d i u s  of 
TI = r /a ,  equat ion 1 

Hence, a n  axial  v e l o c i t y  p r o f i l e  must be  postulated.  
(Ref. 6) pos tu l a t ed  a cos ine  curve ve loc i ty  p r o f i l e ,  not f o r  ducted f lows,  b u t  
f o r  j e t s  i n  an i n f i n i t e l y  wide f r e e  flow. H i l l  (Ref. 7) s tud ied  t u r b u l e n t  f lows 
i n  a d u c t ,  and obtained an a x i a l  v e l o c i t y  p r o f i l e  by using v a l u e s  der ived from 
experimental  va lues  obtained on jets i n  a f r e e  flow. 

Squire and Torouncer 

A t  any rate, t h e  d i f f e r e n c e s  

*** 
Refer t o  Appendix 1 f o r  t h e  case of f r e e  flow. 

16 



-F--- i n  t he  v e l o c i t y  p r o f i l e s  can be 
a t t r i b u t e d  t o  t h e  mixing length .  I n  
r e fe rence  t o  F igure  21, l e t  u s  set 

(3) 

I 

___ ' 1 Assume rl which i s  a func t ion  of f ( q )  - - I  t o  be a t h i r d  order  polynomial, and 
r _ ~  i ----f--- ~ - --J I I l e t t i n g  f ( 1 )  = f ' ( 1 )  = f ' ( 0 )  = 0, 

- -  ' and f ( 0 )  = 1, w e  have 

f ( I ; )  = 1 -3<'+-2213 ( 5 )  Figure 21. Veloc i ty  Di s t r ibu t ion .  

L e t  us assume t h a t  t h e  dens i ty  v a r i e s  l i n e a r l y  i n  t h e  a x i a l  d i r e c t i o n ,  bu t  i s  
cons tan t  i n  t h e  r a d i a l  d i r e c t i o n .  This  can be expressed as 

where p is  t h e  dens i ty  a t  t h e  ejector o u t l e t ,  p 

mixing which accompanies t h e  pressure  r i s e ,  x i s  t h e  d i s t a n c e  from where t h e  

mixing s t a r t e d  to t h e  e j e c t o r  o u t l e t ,  a d  p i s  t h e  d e n s i t y  a t  a d i s t ance  x. 

i s  t h e  d e n s i t y  j u s t  p r i o r  t o  
0 i 

0 

The f o l l o w i w  equat ion is  o b t a i d  by mubr t i tu t ing  equat ion (3)  i n t o  equa- 
t i o n  ( 2 ) ,  

1'[ 7722 +2alq- (2 +nq 2 

where 

The prime (' ) i n d i c a t e s  d i f f e r e n t i a t i o n .  

As is  evident  from equat ion (7), three equat ions are necessary s ince  the re  
Since equat ion (2 ) ,  o r  equat ion (7)  i s  are t h r e e  unknowns, A ' ,  U j t / U j ,  and p ' .  

a genera l  equat ion der ived a t  c ros s  sec t ion  A B D C 

i t  t o  t h e  c r o s s  s e c t i o n  rl = 1 / 2 ,  w e  obtain 

i n  Figure 20,by applying 1 1 1 1  

17 



where 

Using t h e  mixing length  1, ‘I can be wri t t en  as, 

L -  a2 ( aT )?=$ 

piz au 2 
c - _  

Fur ther ,  assuming t h a t  t h e  mixi- d is tance  1 can be written as fo l lows ,  using 
an experimental ly  determined cons tan t  c y  w e  have 

I .  cn 
(14) 

Neglecting f r i c t i o n  a t  t h e  mixing tube w a l l ,  t h e  fol lowing equat ion holds 
f o r  t h e  c r o s s  sectiOI rl = 1 

A’(A+2al) +-Uj&12+4a1A+2az) fi’(m) 1 
uj 

where 

On t h e  o ther  hand, t h e  flow rate mlof t h e  mixing tube can be  expressed as 



From equat ions ( l o ) ,  (151, and (19),  we  can w r i t e  

where 

-- 

1 1 
j95=8R2+3a1zR +2aZz---R-- a12 16 2 

Hence, by dotermini- t h e  coe f f i c i en t s  of equat ion 

Y 

(21),  equat ion (20) can 
be solved numerical ly  u I simultaneous d i f f e r e n t i a l  equation. For t h e  de t e r -  
mination of t h e  i n i t i a l  va lues  of the  coe f f i c i en t s  i n  equat ion (21), w e  w i l l  
de sc r ibe  a method i n  t h e  following f o r  A .  

6.2 I n i t i a l  Values of A 

For t h e  r a t i o  of t h e  flow r a t e  m 
a x i a l  d i r e c t i o n  t o  t h e  momentum M ,  a t  the same d i s t a n c e  , we can w r i t e  the  
fol lowing,  f o r  t h e  range X > 0. 

i n  t h e  mixing tube a t  a d i s t a n c e  x i n  the  1 

19 



Figure 22. Values of Early Stage of A .  

Hence, p l o t t i n g  Um(m /M ) o r  Um(m/M) (where 2m i s  t h e  flow ra te  pe r  u n i t  

area, and 2M i s  t h e  momentum pe r  u n i t  area) a long t h e  a b s c i s s a ,  and t h e  va lues  
of X which s a t i s f y  t h e  physical  condition 0 < A<< 1 among those  which s a t i s f y  
equat ion (22) along t h e  o rd ina te ,  w e  obtain t h e  curve shown by t h e  s o l i d  l i n e  
i n  Figure 22. 

1 1  

When t h e  range i s  extended t o  A < 0, w e  must g ive  cons ide ra t ion  t o  t h e  p a r t  
which g ives  counterflow, and r ep lace  equation (22) by 

where, among t h e  r o o t s  X 
t h e  p h y s i c a l  cond i t ion  Oy5 5 A. 

of equation (24) (at u = 0) w e  have those which s a t i s f y  
1.0. 

2&3--3&2+(1$ A)=O (24) 

Therefore,  t h e  d o t t e d  l i n e  i n  Figure 22 r ep resen t s  t h e  va lues  of X which sat- 
i s f y  equat ion (23). 

From Figure 22, t h e  va lues  of X j u s t  p r i o r  t o  mixing can be  obtained from 
experimental ly  obtained Um(m/M). 

of Um(m/M) i s  descr ibed.  

I n  t h e  fol lowing,  a method f o r  t h e  determinat ion 

6 . 3  Determination of U (m/M) 
bu 

I n  an experiment, m can be  found d i r e c t l y  from t h e  primary and t h e  secondary 
From t h e  measured w a l l  pressure d i s t r i b u t i o n ,  t h e  change i n  momentum air  f luxes .  

20 
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Figure  2 3 .  Change i n  Momentum. 

can be c a l c u l a t e d ,  assuming t h a t  mixing is completed a t  the  e j e c t o r  o u t l e t ,  
and t h a t  i t  i s  being discharged t o  t h e  atmosphere as a uniform flow. Typical  
examples are shown i n  Figure 2 3 .  From such f i g u r e s ,  M and hence (m/M) can be  
found. I n  t h e  fol lowing,  t he  i n i t i a l  values  of U are examined. For conven- 

/22 

rn 
i ence ,  t h e  au tho r s  have rearranged t h e  numerical va lues  from t h e  t h e o r e t i c a l  
ana lyses  conducted by Squire  and Torouncer (Ref. 6) on an imcompressible f l u i d  
e j e c t i n g  i n t o  a f r e e  stream, and have presented t h e  r e s u l t s  i n  Figure 2 4 .  
f i g u r e ,  U i s  the  f r e e  stream v e l o c i t y ,  U i s  the  e j e c t i n g  v e l o c i t y ,  and 

is  obtained by d iv id ing  t h e  d i s t a n c e  from t h e  e j e c t o r  o u t l e t  t o  t h e  t i p  of the 
p o t e n t i a l  core  by t h e  nozzle  r ad ius .  
which i s  t r e a t e d  here  are d i f f e r e n t  from those  used i n  the  c a l c u l a t i o n s  f o r  
F igure  2 4 ,  t he  p o t e n t i a l  l eng th  i n  t h i s  experiment appears t o  be approximately 
6 ~ 9  t i m e s  t he  nozzle  r ad ius .  
where t h e  s t a t i c  pressure  rise starts i n  t h e  mixing tube,  t h e  i n i t i a l  va lues  of 
U The i n i -  
tyal  v a l u e s ,  t h e r e f o r e ,  can be determined from t h e  s t a t i c  p re s su re  of t h e  chamber, 
and a l s o  from the  t o t a l  p re s su re  and temperature j u s t  p r i o r  t o  nozzle  e j e c t i o n .  

In  t h e  

0 1 

Although t h e  condi t ions  of t he  f l u i d  

Since t h i s  l eng th  approximately corresponds t o  

can be expressed by the  p o t e n t i a l  j e t  v e l o c i t y  leav ing  the  nozzle. 

2 1  
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Figure 24. Discharge Angle and Length of P o t e n t i a l  Core. 

6.4 Calculated Values of Mixing Length 

I n  order  t o  f i n d  mixing length  1, the p ropor t iona l i t y  cons tan t  c must be  
determined. 
(21).  A s  s t a t e d  before ,  when U (m/M) i s  determined i n  an experiment,  then t h e  

i n i t i a l  va lue  of A and hence t h e  va lue  of U. are known. Fur the r ,  by assuming 

a va lue  f o r  c,  t h e  changes i n  v e l o c i t y  and pressure  along t h e  mixing tube can 
be c a l c u l a t e d  from equat ion (20). 
Figures  1 4  - 1 9 ,  only t h e  mixing tube par t s  are p l o t t e d  i n  F igure  25(a) - ( f ) .  
The s o l i d  l i n e s  are t h e  ca lcu la ted  s t a t i c  pressures .  The parameters shown, 
such as 0.12, 0.15, 0.11 are t h e  va lue  of t h e  p ropor t iona l i t y  cons tan t  c f o r  
t he  mixing l eng th ,  which v a r i e s  i n  the  range from 0.10 t o  0.25. 
air f l u x  i s  r a t h e r  s m a l l  as i n  Experiment Numbers 139, 137, 131, 129 i n  F igure  
25(a) ,  t h e  p r o p o r t i o n a l i t y  cons tan t  is approximately cons tan t  throughout t he  
mixing tube.  Nevertheless ,  when supersonic condi t ions  e x i s t  only l o c a l l y  a f t e r  
being e j e c t e d  from t h e  nozzle,  as i n  Experiment Number 116, c must be  expressed 
as a func t ion  i n  t h e  flow d i r e c t i o n  i n  order t o  f i n d  agreement wi th  experiment. 
For t h e  convenience of c a l c u l a t i o n ,  a method w a s  adopted i n  which c a l c u l a t i o n s  
were c a r r i e d  out  i n i t i a l l y  by l e t t i n g  c be a cons tan t ,  which w a s  then va r i ed  i n  
a s tepwise fash ion ,  as t h e  dev ia t ion  from experiment became s i g n i f i c a n t .  Except 
f o r  a few cases, t h e  experimentally obtained c appears t o  l i e  between 0.11 t o  
0.18. Wang (Ref. 8 )  r e p o r t s  a va lue  of c = 0.14 a t  t h e  cen te r  of t h e  tube. A t  
any rate, as  i s  o f t e n  ind ica t ed ,  t h e  mixing length  i s  very  c h a r a c t e r i s t i c  t o  the  
experiment. 
t h e  ana lyses  w e r e  c a r r i e d  out  by disregarding any v a r i a t i o n  i n  t h e  d i r e c t i o n  nor- 
m a l  t o  t h e  tube  a x i s  because of t h e  assumptions made a t  t h e  beginning t h a t  sta- 
t i c  p re s su re  and dens i ty  are i n v a r i a b l e  i n  t h e  r a d i a l  d i r e c t i o n .  
l eng th ,  t h e r e f o r e ,  must be i n t e r p r e t e d  as t h e  average va lue  of t h e  mixing length  
i n  t h e  r a d i a l  d i r e c t i o n .  

The cons tan t  depends only on y2 among t h e  c o e f f i c i e n t s  i n  equat ion 

m 

J 

I n  the s t a t i c  pressure  d i s t r i b u t i o n s  i n  

When t h e  primary 

I n  these  i n t e r n a l  f lows,  although c may vary i n  t h e  r a d i a l  d i r e c t i o n ,  

The mixing 
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/27 6.5 To ta l  Pressure D i s t r i b u t i o n  

P a r t  of t h e  r e s u l t s  f o r  t h e  t o t a l  pressure i n  t h e  r a d i a l  d i r e c t i o n  measured 
by i n s t a l l i n g  comb-shaped P i t o t  tubes a t  t h e  i n l e t  and o u t l e t  of t h e  mixing tube 
are shown i n  Figure 26 (a)-(c). 
Even t h e  r a t h e r  s t e e p  p res su re  d i s t r i b u t i o n  a t  t h e  i n l e t  f l a t t e n s  ou t  a t  t h e  out- 
l e t .  
becomes s a t u r a t e d  near t h e  o u t l e t ,  i nd ica t ing  almost complete mixing. If t h e  
secondary a i r  f l u x  i s  almost a maximum when t h e  primary f l u x  is  a maximum -- t h a t  
i s ,  when t h e  a i r  f l u x  i s  near maximum f o r  t h e  e j e c t o r  (corresponds t o  Experi- 
ment Numbers 202, 322, 402, 509, 601 i n  t h e  f i g u r e s )  -- t h e  p re s su re  d i s t r i b u -  
t i o n  of t h e  flow i n t o  t h e  d i f f u s e r  continues t o  show a rise i n  t h e  r a d i a l  d i r ec -  
t i o n  without  being completely mixed i n  the p a r a l l e l  pipe.  This r e s u l t  i s  under- 
s t andab le  consider ing the  r a t h e r  s t e e p  s t a t i c  p re s su re  r ise seen a t  t h e  s t r a i g h t  
p ipe  o u t l e t ,  compared t o  t h e  pressure d i s t r i b u t i o n s  i n  Figures  15 - 19. 

S t a t i c  pressures  are marked a t  t h e  tube w a l l .  

This i s  seen a l s o  i n  t h e  s t a t i c  pressure rise along t h e  mixing tube,  which 
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Figure 26 (a) D i s t r i b u t i o n  of To ta l  Pressure i n  Mixing Tube. 
(d=200, 1=600). 
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7. Conclusion /30 
In order  t o  o b t a i n  a high speed axial v e l o c i t y  f o r  t h e  t e s t i n g  of t h e  s ing le -  

s t a g e  a x i a l  flow compressor, a l a r g e  scale a i r  e j e c t o r  w a s  developed. 
formance curve w a s  obtained by ca r ry ing  out  experiments f o r  s i x  d i f f e r e n t  com- 
b i n a t i o n s  by changing t h e  nozzle diameter, and t h e  l e n g t h  from t h e  nozzle  t i p  t o  
t h e  mixing tube. The des ign  based on the d a t a  from t h e  e x i s t i n g  s m a l l  a i r  ejec- 
t o r  w a s  used. When t h e  primary a i r  f l u x  ( t h e  d r i v i n g  a i r  f l u x )  w a s  21.2 kg/sec,  
t h e  f l u x  r a t i o  w a s  0.95, t h a t  i s ,  the  secondary f l u x  ( t h e  i n t a k e  a i r  f l u x )  w a s  a 
maximum f l u x  of 20.1 kg/sec. 
(gauge p res su re ) .  
small Reynolds number i s  not  s i g n i f i c a n t .  

The per- 

The maximum vacuum, on t h e  con t r a ry ,  w a s  -207 mm Hg 
W e  a l s o  found t h a t  the d i f f e r e n c e  between t h e  l a r g e  and t h e  

A t t e n t i o n  w a s  a l s o  focused on t h e  mixing phenomenon which i s  t h e  primary 
func t ion  of e j e c t o r s .  Experimental d a t a ,  such as t h e  s t a t i c  p res su re  d i s t r i b u -  
t i o n s ,  and t h e  t o t a l  p re s su re  d i s t r i b u t i o n s , f o r  t he  mixing process  i n  p a r a l l e l  
tubes were obtained,  from which t h e  average c a l c u l a t e d  mixing l eng ths  i n  t h e  
r a d i a l  d i r e c t i o n  were found t o  be approximately 0 . 1 e 0 . 2  t i m e s  t h e  r a d i i  of t h e  
mixing tubes.  

W e  are indebted t o  Masakatsu Matusmoto t h e  Department Manager, Tadao 
Shimazaki t h e  Sect ion Manager, and Yasuji  Katayama who have given t h e i r  a s s i s t a n c e  
i n  t h e  experiments. 
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Appendix I Ejection in a Free Stream 

Since a theory was developed in (Ref. 6) for a ducted flow whose velocity 
profile is approximated by a third order equation, we will consider ejections in 
a free flow which is accompanied by a uniform flow. 

Assuming that the static pressure rise is dp/dx 0, and neglecting the fric- 
tional forces at the boundary of the free flow and the jet, the following rela- 
tion is obtained (c.f. Appendix Figure l), 

Supplementary Figure 1. Flow Emitted Toward Center of Free Flow. 

dx - (A-1) 

where U is the free flow velocity, and b is the jet radius at the cross section 
under examination, which is generally a function of x. 
axial velocity u by a third order equation in r as in (Ref. 6), and letting 
au/ar = 0 at r = b, and au/ar = 0 at r = 0, we obtain 

0 By approximating the 

where referring to Appendix, Figure 1, although Um generally is a function of x, 
U is regarded as a given constant. Substitution of (A-2) into (A-l), and re- 
stricting ourselves to the incompressible case in order to obtain simple analytical 
0 
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solutions, results in 

Assuming b can be expressed as follows, using an experimentally determined con- 
stant c we find 1' 

b==ci.?: 
(A-5 1 

/32 Then equation (A-4) can be integrated as follows: 

where c integration constant;U: U - U 
Assuming that the velocity profile can be approximately expressed by a third 
order equation at x-1 after leaving the nozzle, where x is measured from an 

imaginary origin, and also that the tip of the potential with velocity V is 

2: rn 0 

1 

j 
maintained at that point, we can write U = v  - u  0 1 j  x = l  

Hence, the integration constant is obtained as, 

cz+2s? +- 2 7 c01*q (A-8) 

where 

s =- u,+= r i - -  [io (A-9 1 

Hence, from equation (A-6), we have 

where 

7 j  = (3.3) l 2  (A-11) 

By substituting equation (A-10) into 
(A-2), the velocity distribution can 
be expressed as, 

u = [ -  Us + @ ~ o ~ ~ ( ~ ~  2' Ucs).;] (A-12) 
4 16 

I 

_____ 
where I 

Supplementary Figure 2. Velocity 
Distribution. 

(A-13) 
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